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Identification and expansion of retinal progenitor cells are critical issues from both scientific and clinical aspects. Here, we identified SSEA-1
(CD15) as a novel surface antigen that can be used to define immature retinal progenitor cells. SSEA-1-expressing retinal cells were found in the
peripheral region of the early embryonic mouse retina, and then their number dramatically disappeared along with retinal development. FACS
analysis showed that the cells strongly positive for SSEA-1 co-expressed Ki67 proliferation antigen in all the developmental stages examined. The
SSEA-1-expressing cells formed larger colonies than the non-expressing ones in retinal re-aggregation cultures. Moreover, late onset of rhodopsin
expression was observed in SSEA-1-positive progenitor cells, supporting the idea that these cells have an intrinsically immature character.
Differential expression of Wnt signal-related genes between SSEA-1-positive and -negative subpopulations of retina cells was revealed, and the
expression of constitutively active forms of Wnt signaling molecules resulted in a greater number of SSEA-1-positive cells. In light of all of the
data taken together, we propose SSEA-1 to be a surface marker to define a regionally restricted immature subset of progenitor cells of mouse
neural retina, with SSEA-1 expression by them positively regulated by Wnt signals.
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The neural retina is a part of the central nervous system
(CNS), and regeneration of the retina from retinal stem cells
or other sources by transplantation is a critical issue from
both clinical and neurobiological points of view. Although
reports of successful regeneration of the CNS from neural
stem cells (NSC) have appeared in the literature (e.g., Rossi
and Cattaneo, 2002), such has not been the case for the
vertebrate neural retina. Furthermore, the nature of retinal
stem cells has not been clarified, making it difficult to attempt
regeneration of the retina.
NSC reside in discrete areas of the adult brain, and
accumulated evidence suggests that neurogenesis occurs in
the adult mammalian CNS (Taupin and Gage, 2002). In the0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: sumiko@ims.u-tokyo.ac.jp (S. Watanabe).case of the retina, the most peripheral region is considered to
maintain the retinal stem/progenitor cells in the adult retina
(Ahmad et al., 2000; Perron and Harris, 2000; Tropepe et
al., 2000). However, only limited knowledge about the
characteristics of these immature retinal cells is available
because of the lack of prospective approaches for identifi-
cation of retinal progenitor cells. In the avian retina, stem/
progenitor cells are reported to be maintained in the
peripheral region (Reh and Levine, 1998). As mechanisms
to maintain cells in the immature state in the periphery of
the vertebrate retina, intrinsic, and extrinsic molecules are
considered to play crucial roles (Edlund and Jessell, 1999).
Wnt signaling was proposed to act as an extrinsic factor in
the avian retina, working to maintain of stem/progenitor cells
in the marginal retina (Kubo et al., 2003). As intrinsic
mechanisms, transcriptional factors such as Pax-6, Chx-10,
and Rx/Rax expressed in the immature retina have been
proposed to play roles in progenitor maintenance (Marquardt
and Gruss, 2002). Although the importance of each gene for92 (2006) 265 – 276
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expression of such transcription factors regulates specific
gene expression that specifies the immature state of retinal
progenitor cells located in the peripheral retina is not yet
known. Furthermore, these molecules are intracellular,
limiting their usefulness for stem cell enrichment and
suggesting the importance of defining surface markers to
label stem or progenitor cells of the retina.
The technique of in vitro culturing of single NSC has
facilitated characterization of NSC, and a number of markers
identifying these cells has been reported (Capela and Temple,
2002; Johansson et al., 1999; Rietze et al., 2001; Uchida et al.,
2000). Surface antigens make it possible to isolate a specific
subset of stem/progenitor populations from a cell mixture
without damaging the cells, thus making it possible to
characterize their lineage and identify the factors that regulate
their proliferation and differentiation. However, the definition of
retinal progenitor cells in terms of the expression of surface
antigens has not been investigated. Therefore, we aimed at
identifying markers of retinal stem or progenitor cells by using
the technique of flow cytometry and for cell sorting in
combination with retinal cultures in vitro.
One commonly used neural stem cell markers is SSEA-1
(stage-specific embryonic antigen 1/CD15). SSEA-1 is
expressed in subpopulations of CNS cells of various mamma-
lian species during development and in the adult as well
(Allendoerfer et al., 1995; Capela and Temple, 2002; Yama-
moto et al., 1985). In the adult mouse retina, the expression of
SSEA-1 in a subset of amacrine cells was reported (Jakobs et
al., 2003). However, characterization of its expression during
early development of the retina has not been conducted yet.
We found SSEA-1 to be a useful marker for identification
of a subset of progenitor cells localized in the peripheral
region of the retina. This is the first report to show the
temporal dynamic relationship between the expression of this
specific antigen and the intrinsic character of progenitor cells
during the progression of development. SSEA-1 expression
can be considered as a novel marker to identify immature
progenitor cells in the mouse retina.
Materials and methods
Mice
EGFP transgenic mice, which express EGFP gene ubiquitously by CAG
promoter, were kindly provided by Prof. Okabe (Osaka University, (Ikawa
et al., 1999; Okabe et al., 1997) and were maintained on a C57BL/6J
background. ICR mice were obtained from Japan SLC Co. and Japan Clea
Co. The day that the vaginal plug was found was considered as embryonic
day 0 (E0); and the day of birth, as postnatal day 0 (P0).
Fluorescence-activated cell sorting (FACS)
Isolation of retinal cells from mice and dissociation of retinal cells
Retina was isolated as previously described (Tomita et al., 1996). Briefly,
the eye ball was isolated and incision made at the border between the cornea
and sclera. The neural retina was isolated from the sclera, retinal pigment
epithelium, and uvea. Then, the lens, optic nerve, ciliary body, and iris were
carefully removed with forceps. The retinas were digested with trypsin (0.25%)
at room temperature for 10 min for embryos and newborns pups under the ageof P3, for 15 min for pups at the age of P4 to P11, and for 20 min for pups over
P12 and adult mice. After the trypsin activity had been stopped by the addition
of PBS containing FCS (20%) and DNase I (0.2%), the cells were mechanically
dissociated into a single-cell suspension by gentle pipetting.
Immunostaining of retinal cells
The dissociated cells were stained with an anti SSEA-1 antibody (1:100
dilution, Developmental Studies Hybridoma Bank) or control IgM (Sigma), and
visualized by using phycoerythrin (PE)-conjugated goat anti-mouse IgM
(Jackson ImmunoResearch). Staining with propidium iodide (PI), which binds
dead cell specifically, was done by suspending of cells in 50 Ag/ml PI in PBS
solution prior to analysis. For double staining with SSEA-1 antibody and
antibodies against intracellular molecules, the cells were first incubated with anti
SSEA-1 antibody or control IgM. Then, they were fixed in 4% paraformaldehyde
(PFA) for 20 min at 4-C. After the cells had been made permeable by incubation
with 0.1% TritonX100 for 5 min at 4-C, they were incubated with monoclonal
antibody (mAb) against nestin (BD Biosciences, 1:200), h tubulin (BABCO,
1:2000), Ki67 (BD Biosciences, 1:200) or control IgG and subsequently
incubated with Alexa488-conjugated anti IgG antibody (Molecular Probes).
FACS analysis
At least 10,000 events of healthy cells were analyzed with a FACScalibur
(Becton Dickinson) and Cell QuestiPro ver 5.1.1 software (BD Biosciences).
Dead cells and cell debris were excluded from analysis by gating with forward
scatter (FCS, cell size) and side scatter (SSC, cell complexity) as indicators
(Fig. 1B). Then, for single SSEA-1 staining, PI-negative healthy cells were
selected for analysis (Fig. 1A). Sorting was done by using a FACSVantage flow
cytometer (Becton-Dickinson) at a flow rate of 2000 cells/second. For sorting,
live cells were gated with PI staining and forward and side light scatters as in
the analysis using FACScalibur.
Re-aggregation cultures
Re-aggregation cultures were prepared as previously described (Kubo et al.,
2003; Watanabe and Raff, 1990). Briefly, sorted cells derived from EGFP
transgenic mice as donor cells were mixed with an excess amount of dissociated
retinal cells from normal ICR mice as host cells. The ratio of the host to donor
cells was 4000-fold for clonal analysis and 20- to 40-fold for immunostaining.
The mixed cells were suspended in re-aggregation medium described below at
the concentration of 2  105/Al, and 1 to 2 Al of cell suspension was placed on
Millicell chamber filters (Millipore; diameter 30 mm, pore size 0.4 Am) to form
aggregates. Then, the chambers were placed on the surface of 1 ml of re-
aggregation medium consisting of DMEM/F12 supplemented with N2 (1%,
GIBCO), B27 (2%, GIBCO), penicillin/streptomycin (GIBCO) or of Explant
medium (Tabata et al., 2004) in 6-well plates. The culture period was varied as
indicated in Results. This culture system is serum and growth factor free. We
chose the serum-free culture condition since serum was reported to have glial
differentiation promoting effects on retinal progenitor cells (Neophytou et al.,
1997). Before starting the experiments to examine SSEA-1-positive cells, we
evaluated the differentiation ability of retinal cells under our culture conditions
by staining cells, which had been cultured for 2weekswith antibodies specific for
Thy1.2 (ganglion cells), syntaxin (amacrine cells), neurofilament 160 (horizontal
cells), glutamine synthetase (Muller glial cells), or rhodopsin (rod photoreceptor
cells). The conditions for the immunohistochemistry are described in the next
section. We found cells expressing antigens recognized by these antibodies in
these re-aggregation cultures, suggesting that our culture conditions were
appropriate to induce retinal differentiation.
Immunohistochemistry of frozen sectioned eyes
The isolated eyes were fixed with 4% PFA, frozen-sectioned (10 Am
thickness) after embedment in OCT compound (Miles), and immunostained as
previously described (Tabata et al., 2004). For immunostaining of re-
aggregated cultures, the cells were fixed in 4% PFA for 25 min at 4-C, and
made permeable by immersion in 20-C methanol for 20 min. Immunostaining
of dissociated re-aggregation cultures was done as described earlier (Morrow et
al., 1998). Briefly, dissociated cells were plated on poly-d-lysine-coated 8-well
Fig. 1. Flow cytometric analysis of the expression of SSEA-1 at various developmental stages of mouse retina. (A, B) Viable retinal cells were gated by propidium
iodide (PI) staining (A) and forward and side light scatters (B). (C) The expression of SSEA-1 was examined by comparing the staining pattern of monoclonal
antibody against SSEA-1 (thick line) with that of control IgM (thin line), using anti IgM-PE as the 2nd antibody. Inset shows dot plots of intensity of staining patterns
by using anti SSEA-1 antibody (upper panel) or control IgM (lower panel) versus side light scatter. (D) Population of SSEA-1-positive cells among mouse retinal
cells from various developmental stages. Calculation was done by using Cell Questi Pro (BD Biosciences). (E, F) Double staining pattern for SSEA-1 (PE: Fl-2)
and nestin (FITC: Fl-1, panel E) or hIII-tubulin (FITC: Fl-1, panel F) of E17 retinal cells. (G) Density plot pattern of double staining with antibodies against SSEA-1
(PE: Fl-2) and Ki-67 antibody (FITC: Fl-1) at various retinal stages. Values (%) shown at the top and bottom of the panels E, F and G indicate population of cells (%)
in quadrant sections (UL; upper left, UR; upper right, LL; lower left, LR; lower right) calculated by using Cell Questi Pro software.
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were preincubated in blocking solution (2% BSA in PBS), and then incubated
with the 1st antibody solution. The first antibodies were visualized by using
appropriate 2nd antibodies conjugated to Alexa-488 or Alexa-546 (Molecular
Probes). Primary antibodies used were the following: mouse monoclonal
antibody (mAb) against Ki-67 (1:200, BD Biosciences), mAb against SSEA-1
(AK-97 Yanagisawa et al., 1999), 1:1000, kindly donated by Drs. M.
Yanagisawa and H. Kojima), mAb against glutamine synthetase (1:200,
Chemicon), mAb against rhodopsin (Rho4D2, 1:200; a generous gift from
Dr. R. S. Molday, The University of British Columbia), mAb against
bromodeoxyuridine (1:200, Roche), rabbit polyclonal antibody against GFP
(1:5000, Clontech), mAb against Thy1.2 (1:100, BD), mAb against syntaxin
(1:200, Sigma), mAb against neurofilament160 (1:40, Sigma), mAb against
PKC (1:60, Oncogene), and control mouse immunogloblin M (1:100, Sigma).
Samples were mounted in Vecta Shield (Vector Laboratories, Inc.) and analyzed
with a Zeiss axioplan microscope or a Leica fluorescence dissection
microscope, MZFL III.
RT-PCR
Total RNAwas purified from SSEA-1-positive or -negative retinal cells by
use of TRIZOL reagent (Gibco BRL), and cDNA was synthesized by using
Superscript II (Gibco BRL). All primer sets were tested for several differentcycling numbers (15–40 cycles) by using ExTaq and rTaq (Takara), and the
optimal semi-quantitative cycle number was determined for each primer set.
Bands were visualized with ethidium bromide.
Production of retrovirus and confirmation of their activities
Construction of retrovirus vectors containing either EGFP, constitutively
active (CA)-h-catenin-IRES-EGFP, constitutively active (CA)-Lef1-IRES-
EGFP or dominant-negative (DN)-Lef1-IRES-EGFP were described elsewhere
(Ouchi et al., 2005). Production of retroviruses was carried out as previously
described (Tabata et al., 2004).
To examine the activity of CA-h-catenin-IRES-EGFP, CA-Lef1-IRES-
EGFP, or DN-Lef1-IRES-EGFP, we conducted transient luciferase analysis
using a reporter plasmid containing tandem repeat of TCF binding sites
followed by an interferon h-minimal promoter and luciferase (TCF-Luc). PC12
cells were transfected with TCF-Luc and either one of CA-h-catenin-IRES-
EGFP, CA-Lef1-IRES-EGFP, or DN-Lef1-IRES-EGFP plasmids, and after 20
h of culturing, the cells were harvested and luciferase activities were examined.
To examine the activity of retroviruses encoding h-catenin-IRES-EGFP, CA-
Lef1-IRES-EGFP, or DN-Lef1-IRES-EGFP, we transfected PC12 cells with
TCF-Luc, and then transduced the transfected PC12 cells with the retrovirus.
After the cells had been cultured for 20 h, they were harvested and luciferase
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transfected with TCF-Luc and CA-h-catenin and then the transfected cells were
transduced with the retrovirus containing DN-Lef1-IRES-EGFP. After 20 h of
culturing, luciferase activities were determined. Retrovirus vector containing
the Notch constitutively active intracellular domain (RAMIC) was constructed
by sub-cloning RAMIC into pMX-IRES-EGFP plasmid from pEF-BOSneo-
RAMIC which was kindly provided by Dr. Honjo (Kyoto University) (Tamura
et al., 1995).
Retrovirus transduction of retinal cells
Retinal explant cultures were prepared as previously described (Tabata et
al., 2004). Briefly, the neural retinas of E16.5 ICR mice without pigmented
epithelium were placed on Millicell chamber filters (Millipore, diameter 30
mm, pore size 0.4 Am) in a 6-well culture plate, with the ganglion cell layer
facing upwards. Each well contained 1 ml of explant culture medium (Tabata et
al., 2004). Retroviral infection of the retinal explants was done as described
previously (Tabata et al., 2004). After overnight culture with virus solutions,
the explants were treated with trypsin and transferred to culture plate coated
with poly-l-ornithine (10 Ag/ml) and fibronectin (5 Ag/ml). The cells were
cultured in DMEM/F12 containing N2 supplement (1%), B27 supplement
(2%), NT3 (10 ng/ml), bFGF (10 ng ml), penicillin, and streptomycin,
harvested at the 3rd day of culture, and subjected to FACS analysis or
immunostaining to examine SSEA-1 expression. After 4 days of culturing,
explants were dissociated and subjected to FACS analysis to examine SSEA-1
expression.
Results
Expression of SSEA-1 in developing mouse retina
SSEA-1, which is defined as a Lewis X carbohydrate
structure (Gooi et al., 1981), was initially shown to be
expressed in teratocarcinoma cells and postimplantation
embryos (Fox et al., 1981; Solter and Knowles, 1978). Since
comprehensive examination of the expression of SSEA-1 in the
developing mouse retina had not been reported, we first
examined the temporal expression of SSEA-1 in the population
of cells in the mouse neural retina of various developmental
stages by using flow cytometry. Isolated embryonic or
postnatal retinae were dissociated mechanically by pipetting
after incubation in trypsin solution. Then, the cells were stained
with anti-SSEA-1 antibody or control IgM as first antibodies,
and PE-conjugated anti-mouse IgM as second antibody. The
cells were then suspended in PBS containing propidium iodide
(PI) and subjected to flow cytometry. To exclude dead cells
from the analysis, we gated live cells by PI staining and use of
the Fl-3 window (Fig. 1A). Then, cell debris were excluded by
forward and side scatters windows (Fig. 1B). The SSEA-1
expression by the retinal cells was examined by comparing the
staining pattern of anti-SSEA-1 IgM antibody with that of
control IgM-stained samples, which were visualized by using
2nd antibody conjugated to phycoerythrin (PE), detectable in
the Fl-2 window (Fig. 1C, insets show dot plots of Fl-2 versus
SSC). Cells with higher PE fluorescence than that of control
samples stained with control IgM were judged as being SSEA-
1-positive cells. Then, the population of the cells positive for
SSEA-1 was examined by using the retinal cells derived from
mice of several different developmental stages. SSEA-1
expression was observed in nearly 60% of the live cells taken
from the retina at embryonic day (E) 14, and this populationsharply decreased in number along with the progression of
development (Fig. 1D). The positive population dropped to
15% at E17, and almost disappeared, being less than 5%, by
postnatal day (P) 3. Then, the antigen was hardly detectable in
the samples of P7, and undetectable in the adult age (Fig. 1D).
Characterization of SSEA1-positive sub population of retinal
cells
Since immature retina-specific expression of SSEA-1 was
observed, we next examined whether the SSEA-1-positive cells
had characteristics of retinal progenitor cells or not according
to various criteria. We first examined the expression of known
neural markers by FACS analysis (Figs. 1E, F). We divided the
staining pattern into 4 areas of double positive (upper right;
UR), single positive (upper left; UL, and lower right; LR) and
double negative (lower left; LL); and expressed the populations
of cells in these 4 areas as a percentage of the total number of
cells at the top and bottom of the FACS patterns (Figs. 1E, F,
G). Nestin is a component of intermediate filaments and
expressed in neural progenitor cells (Lendahl et al., 1990). As
shown in Fig. 1E, when the retinal cells from a E17 mouse
were double-stained with anti SSEA-1 and anti-nestin anti-
bodies, about 80% of SSEA-1-positive cells co-expressed
nestin, suggesting the SSEA-1-positive cell fraction to be
enriched in nestin-positive immature cells. We then examined
the cells for neuronal h III tubulin, which is a marker of mature
neurons. About 75% of the SSEA-1-positive cells were h III
tubulin negative (Fig. 1F); however, the fact that some h III
tubulin-positive cells were present in the SSEA-1-positive cell
population suggests that some of the SSEA-1-positive cells had
differentiated toward mature neurons. One important criterion
to define the progenitor cells is the state of cell-cycle
progression. So we then analyzed the mitotic status of SSEA-
1-positive cells by examining the expression of Ki-67, a
nuclear cell proliferation-associated antigen expressed in active
stages of the cell cycle (Gerdes et al., 1983). Immunostaining
of retinal sections with antibody against Ki-67 showed the
expression of this antigen in cells located in the neuroblastic
layer (Fig. 3C), and the expression pattern was quite similar to
that of cells that had incorporated BrdU (data not shown).
Then, we stained dissociated retinal cells with both anti-SSEA-
1 and anti-Ki67 antibodies and analyzed their profiles by flow
cytometry (Fig. 1G). With the sample derived from an E14
retina, 60% of the SSEA-1-positive cells expressed Ki-67
antigen (Fig. 1G, left panel). Interestingly, at this stage, more
than 60% of the Ki-67 antigen-positive cells reacted with anti
SSEA-1 antibody, suggesting most of the progenitor cells to be
SSEA-1-positive. When we looked at the E17 retina, 65% of
the SSEA-1-positive cells were Ki-67-positive (Fig. 1G, middle
panel); and, similarly, 70% of SSEA-1 cells in the retina
derived from P1 mice expressed the antigen (Fig. 1G, right
panel). In both E17 and P1 retinas, a significant number of Ki-
67-positive/SSEA-1-negative cells appeared, suggesting that
not all the proliferating cells expressed SSEA-1 in these stages.
At all examined stages, it should be noted that almost all of the
brightly fluorescent SSEA-1-positive cells were Ki-67-positive
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between SSEA-1 expression and proliferation activities.
In vitro proliferation of SSEA-1-positive cells
Next we examined the proliferation activity of the isolated
SSEA-1-positive cells by use of an in vitro culture system.
We employed re-aggregation cultures, which had earlier been
shown to be an excellent model system to examine prolife-
ration and differentiation of retinal progenitors in vitro
(Watanabe and Raff, 1990). In this system, the cells
proliferate and differentiate into rod photoreceptor cells in a
similar fashion as in vivo (Watanabe and Raff, 1990). By
culturing labeled donor cells with an excess number of un-
labeled host retinal cells, we could evaluate the intrinsic
character for proliferation and differentiation of the donor
cells in a defined environment (Belliveau and Cepko, 1999).
To distinguish transplanted cells from host cells, we decided
to use neural retina derived from EGFP transgenic mice
(Ikawa et al., 1999; Okabe et al., 1997) as donor cells. Before
starting the transplantation experiments, we first examined the
expression of EGFP in the retina of the EGFP transgenic mice
at various developmental stages by flow cytometry and
immunohistochemistry. We found that more than 98% of
the retinal cells expressed EGFP in all retinal stages examined
(data not shown), suggesting that the expression of EGFP was
sufficient to use it as a marker of donor cells. For re-
aggregation cultures, neural retina derived from EGFP Tg
embryos at E17 were isolated and dissociated, and the cells
were then stained with anti-SSEA-1 antibody or control IgM
and then with PE-conjugated 2nd antibody. Thereafter, SSEA-
1-positive and -negative cells were purified by means of the
cell sorter from retinas derived from EGFP-mice (Fig. 2A).
The purity of SSEA-1-positive cells was more than 80%; and
that for SSEA-1-negative cells, more than 90% (Fig. 2A,
middle and right panels). The isolated cells or un-fractionated
cells derived from EGFP Tg mice were mixed with an excess
number of dissociated E17 un-fractionated host retinal cells
from normal mice to prepare re-aggregation cultures (Fig.
2B). By this means, the donor cells were expected to be
transplanted at a clonal density with respect to the host cells
in these cultures. The proliferation ability of the transplanted
cells was examined by counting the number of cells in each
colony derived from a single founder cell at day 6 of the re-
aggregation culture. Cell counting was done under a
fluorescence microscope (Fig. 2C, inset), and more than
100 colonies were examined for each sample. More than 80%
of the colonies derived from the un-fractionated whole cells
remained as single cells (Fig. 2C); in contrast, the value was
approximately 50% when SSEA-1-positive cells were the
donor, indicating their proliferation to form colonies with
multiple cells. The SSEA-1-negative cell population contained
a slightly higher number of single un-proliferated cells than
the un-fractionated whole retinal cell one. A similar tendency
was observed when retinal cells from E14 mice were
examined (Fig. 2D); but the difference in proliferation activity
between SSEA-1-positive and -negative cells was even moredrastic, as more than 70% of the SSEA-1-negative cells
stayed as single cells, whereas only 20% of the SSEA-1-
positive ones had not proliferated. Colonies consisting of
more than 9 cells were rarely observed with cells from E17
mice (Fig. 2C); in contrast, colonies with 9–16 cells were the
major population when cells from E14 mice were used,
suggesting stronger proliferative activity of E14 mouse
derived retinal cells. The average colony size showed a clear
difference between SSEA-1-positive and -negative cell frac-
tions (Fig. 2E). To further delineate the difference in
proliferative activity between SSEA-1-positive and -negative
populations, we next analyzed the incorporation of BrdU in
the cultures. Re-aggregation cultures prepared from E17 mice
were pulse-labeled with BrdU for 3 h, and the cells were then
dissociated and double-stained with anti-BrdU antibody and
anti-GFP antibody to observe the EGFP signal clearer (Fig.
2F). Nearly 25% of the SSEA-1-positive cells were BrdU
positive at day 1 of re-aggregation cultures (Fig. 2G);
however, only approximately 7% of the SSEA-1-negative
ones, and approximately 10% of the un-fractionated ones,
were BrdU positive. When we examined the incorporation of
BrdU at later stages of the culture, the proportion of BrdU-
positive cells in the SSEA-1-positive population decreased,
but remained slightly higher than that of the SSEA-1-negative
population at the 6th day (Fig. 2G). The above findings
suggest that the SSEA-1-positive population had a stronger
proliferative ability as an intrinsic character and that this
ability decreased with an increase in culture time. Since we
found strong proliferation promotion activities of SSEA-1-
positive cells, we then analyzed whether SSEA-1-positive
cells would respond to growth factors better than SSEA-1-
negative cells or not. SSEA-1-positive and -negative cells
were purified, and reaggregation cultures were set up in the
presence of bFGF or EGF. Then, BrdU incorporation was
examined as described above. We found that either bFGF or
EGF enhanced the BrdU incorporation of both SSEA-1-
positive and -negative cells, with the extent of enhancement
being not significantly different (Fig. 2H).
Differentiation of SSEA-1-positive and -negative cells
We next evaluated the ability of SSEA-1-positive and
-negative populations to undergo differentiation by using re-
aggregation cultures. The rod photoreceptor cell is the largest
subpopulation among the subpopulations of retinal cells, and
they differentiate at the last stage of retinal development
(Marquardt and Gruss, 2002). Re-aggregation cultures were
prepared as in previous experiments; and after various culture
periods, dissociated re-aggregation cultures were double
stained with antibodies against rhodopsin and GFP (Fig.
2I). The population of rhodopsin-expressing cells among the
cells in the explant culture prepared from isolated SSEA-1-
positive and -negative populations of E17 retinal cells was
then examined (Fig. 2J). At the 11th day of the culture, the
population of rhodopsin expressing cells was approximately
5% in every fraction (Fig. 2J). The expression of rhodopsin
was found in less than 10% of the cells derived from SSEA-
Fig. 2. Proliferation and differentiation of SSEA-1-positive and -negative cells in re-aggregation cultures. (A) Dot plot pattern of EGFP (Fl-1) versus SSEA-1
antibody staining (PE: Fl-2) of E17 neural retina derived from EGFP transgenic mice. Left panel is the pattern before fractionation by the cell sorter, and middle and
right panels are patterns of cells fractionated according to the expression of SSEA-1 by using FACSVantage cell sorter. The middle panel shows SSEA-1-positive
cells, with the purity of SSEA-1 and EGFP double positive cells (UR) being 81.8%. The right panel shows SSEA-1-negative cells, and the purity of the SSEA-1-
negative and EGFP-positive cells (LR) was 90.9%. (B) Schematic diagram of re-aggregation cultures. Retinal cells derived from EGFP Tg mice were mixed with a
large excess number of normal mouse derived retinal cells, and the mixed cells were cultured in the surface of a membrane as small drops (aggregation). (C–K) Re-
aggregation cultures consisting of a mixture of donor cells and host cells were prepared to analyze proliferation and differentiation. SSEA-1-positive (blue) or
-negative (red) or un-fractionated (black) retinal cells derived from the EGFP transgenic mice at E17 (C, G, J), E14 (D), and P1 (K) were used as the donor cells. The
donor cells were mixed with a large excess number of retinal cells from normal mice at the same age as those providing the donor cells to prepare the re-aggregation
culture, as described in Materials and methods. (C–E) Samples were stained with antibody against GFP and DAPI, the latter to visualize nuclei of the cells; and the
number of cells (clonal size) in each colony from EGFP donor cells was counted at day 6 of the culture. The distribution of the population of each clonal size is
expressed as a percentage of the total number of colonies examined, which was more than 100 clones for each sample (C, D). The inset (in C) shows a view of a
colony observed by fluorescence microscopy. Arrows indicate each cell in a colony. The average colony size of panels C and D is shown in E. Error bars represent
standard error of the mean. *P < 0.05 as indicated by the brackets (Student’s T test). (F–H) BrdU incorporation was examined. BrdU was added just before the last 3
h of the re-aggregation cultures; and the cells were then harvested, dissociated, and replated on chamber glass slides. After they had been immunostained with
antibodies against GFP and BrdU, and stained with DAPI, more than 100 GFP-positive cells were counted for each sample under a fluorescence microscope. (F)
Fluorescence microscopic view with green arrows indicating single EGFP-positive cells and yellow arrows indicating EGFP and BrdU double-positive cells. (G)
BrdU-positive cells (%) among EGFP-positive cell population were determined at different time points. (H) Re-aggregation cultures were set up in the presence of
bFGF (10 ng/ml) or EGF (10 ng/ml); and after 4 days of culture, BrdU was added 3 h, and BrdU-positive cells (%) were the determined. Error bars represent standard
error of the mean. (I–K) Rhodopsin-expressing cells (%) among EGFP-positive cell population. Re-aggregation cultures were harvested on the indicated days of the
culture, and the cells were replated on a chamber glass slide and immunostained with antibodies against GFP and rhodopsin. (I) Fluorescence microscopic view with
green arrows indicating single EGFP-positive cells and yellow arrows indicating EGFP and rhodopsin double-positive cells. More than 100 EGFP-positive cells were
counted for each time point, and rhodopsin EGFP double-positive cells among the total EGFP-positive cell population were examined at indicated time points. J
shows results obtained with culture started with retina derived from an E17 mouse, and K shows that started with a P1 mouse-derived retina.
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the SSEA-1-negative one at the 13th day of the culture. Until
the 15th day of culture, rhodopsin-positive cells in the SSEA-
1-positive population were still a lower proportion than those
in the SSEA-1-negative ones. By 16th day of the culture, the
population of rhodopsin-expressing SSEA-1-positive cells as
a percentage was almost the same as that of the rhodopsin-
positive SSEA-1-negative cells, i.e., approximately 25% of
the total cells. Similarly, nearly the same number of cells
positive for glutamine synthetase (GS), which is a Mu¨ller glia
cell marker, were derived from SSEA-1-positive and SSEA-1-
negative cells at the day 15th of the culture (data not shown),
suggesting that the ability of both subpopulations of the retina
to differentiate was comparable. When we examined the
differentiation into ganglion cells and horizontal cells of
SSEA-1-positive and -negative cells by using anti Thy-1.2
and NF160 antibodies, antibody stained only less than 1% of
the cells, thus making it difficult to evaluate the differenti-
ation activity between the populations (data not shown).
When retinal cells from P 1 mice were used as starting
materials for re-aggregation culture, the delayed onset of
rhodopsin expression of cells derived from the SSEA-1-
positive cells was observed much more clearly (Fig. 2K).
From days 5 to 9 of the culture, rhodopsin-positive popula-
tions of both SSEA-1-positive and -negative cells increased
along with the culture period, but the percentage for the
SSEA-1-positive population was constantly lower than that
for the SSEA-1-negative one. These findings suggest that
progenitor cells contained in the SSEA-1-expressing popula-
tion were at a more immature stage of the cell differentiation
process. However, the ability to differentiate at least to
photoreceptor and Muller glia cells was comparable between
SSEA-1-positive and SSEA-1-negative cells.
Spatial distribution of SSEA-1-positive cells in neural retina of
various developmental stages
We next examined the spatial distribution of SSEA-1-
positive cells by immunostaining frozen-sectioned mouse
neural retinas from various developmental stages. Strong
signals were found in the retinal marginal region at E13 (Fig.
3A), and weak expression was observed in the entire retina
itself. In the E17 retina, the expression of the SSEA-1 became
weaker but remained significant in the marginal region (Fig.
3B). However, SSEA-1 was not expressed in the non-pigmented
marginal cells. The expression was also observed in the
marginal region of the ganglion cell layer (Fig. 3B, gc).
Interestingly, the expression of SSEA-1 in the RPE was
observed, and it was seen only in the region adjacent to the
non-pigmented marginal cells (Figs. 3B, D, blue arrow).
Although the expression of SSEA-1 in the marginal region of
the RPE was constantly observed until at least P3, its expression
in the rest of the retina almost disappeared by P3 except for faint
staining in the inner plexiform layer (Fig. 3D), which was
surmised to represent amacrine cells according to previous
literature (Jakobs et al., 2003). As most of the strongly SSEA-1-
positive cells of the E17 retina appeared to be Ki-67-positiveproliferating cells according to the flow cytometric results (Fig.
1G), we next examined the spatial distribution of Ki-67 in
frozen retinal sections made at E17. Ki-67-positive cells were
observed in the entire retina except the ganglion cell layer and
inner most cells of the neuroblastic layer in the central region of
the retina (Fig. 3C). Interestingly, there was a clear border
between Ki-67-positive and -negative cells in peripheral retina
(Fig. 3C); and this demarcation almost coincided with the edge
of the area of SSEA-1-positive cells (Fig. 3B, red arrow). When
we examined the double staining pattern of SSEA-1 and Ki-67
(Fig. 3E) or h-tubulin (Fig. 3F) by using retinal cells derived
from E14 embryos, we clearly found that cells in the marginal
retina expressed both SSEA-1 and Ki-67 antigens but that h-
tubulin-expressing cells located in the inner layer of the retina
did not express SSEA-1 antigen (Fig. 1C). These data indicate
that cells expressing both SSEA-1 and Ki-67 were exclusively
localized in the marginal region of the retina.
Differential expression of Wnt signal-related genes and their
regulatory roles in maintenance of SSEA-1-positive cell
Next we performed RT-PCR analysis to test whether any
difference in the gene expression pattern could be detected
between SSEA-1-positive and -negative populations from the
E17 retina. We first examined the expression of several genes
such as Pax-6, Chx-10, Rx/rax, ClnD1 (Fig. 3G), NeuroD, Otx-
2, and Six-6 (data not shown), which are known to be
expressed in immature retinal progenitor cells and involved
in retinal differentiation processes (Marquardt and Gruss,
2002). However, we did not observe exclusive expression of
those genes in SSEA-1-positive or -negative cells. As the
involvement of Notch and shh pathways in retinal development
have been reported, we examined the expression of Notch and
its target genes, Hes-1 and Hes-5, and that of shh signaling-
related genes, Smo, Ptc-1 (Fig. 3G), and Gli (data not shown)
in SSEA-1-positive and -negative cells. All of these genes were
also expressed similar levels in between SSEA-1-positive and
-negative populations. We also examined the expression of
FGF and EGF receptors, and found that both were expressed
similarly in both populations, which finding is in accord with
that of a similar response to FGF or EGF stimulations between
the 2 populations (Fig. 2H).
Since activity of the Wnt signaling pathway in avian
retinal progenitor cells was reported (Kubo et al., 2003), we
examined the expression of various Wnt signal-related
molecules (Fig. 3G). Interestingly, the expression of Wnt-
13, 3, and 5b was observed exclusively in the SSEA-1-
negative population. Wnt-5a and Wnt-7b were expressed at a
similar level in both SSEA-1-positive and -negative cells, as
were Wnt receptors, i.e., Frizzleds (Fzd-3, 4, and -6). We then
analyzed the expression of a Wnt antagonistic inhibitor,
secreted Frizzled related protein (sFRPs, Patapoutian and
Reichardt, 2000), and found that sFRP-2 was strongly
expressed in SSEA-1-positive cells, whereas sFRP-1 and -3
were at a higher level in SSEA-1-negative cells than in
SSEA-1-positive ones. This observation is in accordance with
the results of a previous in situ hybridization study showing
Fig. 3. Spatial expression pattern of SSEA-1 in mouse retina and gene expression pattern of SSEA-1-positive and -negative cells. Immunostaining patterns of
SSEA-1 (red; A, B, D, E and F), Ki-67 (green; C and E) and h-tubulin (green; F). Frozen sections of retina of E13 (A), E14 (E, F) and E17 (B, C) embryos, and P3
(D) mice were immunostained with antibodies against SSEA-1 (A, B, C, D, and F, red), Ki-67 (C, E, green), or h-tubulin (F, green). The first antibodies were
visualized by the fluorescence of second antibodies conjugated to Alexa 546 for SSEA-1 or Alexa 488 for Ki-67 and h-tubulin. Blue arrows in B and D indicate
SSEA-1 expression in RPE. Red arrow in B indicates border of SSEA-1-positive and -negative areas of the peripheral retina. Green arrow in C indicates border
between Ki-67-positive and -negative areas of the peripheral retina. le; lens, gc; ganglion cells. Scales are 200 Am. (G) Semiquantitative RT-PCR of SSEA-1-
positive and -negative populations from E17 mouse retina. Products of RT-PCR were separated through 1% agarose gel and visualized with ethidium bromide.
G3PDH was used as a control. The experiments were done at least twice for all primers using independently prepared samples; and we obtained essentially the
same results both times.
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and sFRP-3 in the central region of the mouse neural retina
(Liu et al., 2003).
We then examined the effects of the Wnt signaling pathway
on regulation of the SSEA-1 subpopulation by misexpressing
Wnt signaling mutants in retinal progenitor cells. We con-
structed retrovirus vectors containing either EGFP, constitu-
tively active (CA) h-catenin-IRES-EGFP, CA-Lef1-IRES-
EGFP or dominant-negative (DN)-Lef1-IRES-EGFP (Ouchi
et al., 2005). We first examined their activities by conducting a
transient reporter assay in PC12 cells. In this assay, a plasmid
containing a TCF binding site followed by the luciferase gene
(TCF-Luc) was used as a reporter of Wnt signaling activation.
PC12 cells were transfected with TCF-Luc and either one of
EGFP, CA-h-catenin-IRES-EGFP, CA-Lef1-IRES-EGFP or
DN-Lef1-IRES-EGFP. The transfected cells were cultured 20
h, after which the luciferase activities were examined (Fig. 4A).
CA h-catenin-IRES-EGFP activated TCF binding site-depen-dent luciferase activity and co-expression of DN-Lef1 reversed
the activity (Fig. 4A, left panel). CA-Lef1 also activated TCF-
Luc activity (Fig. 4A, left panel). We then produced retro-
viruses from these retrovirus vector plasmids; and by using the
same system, we examined the activities of these retroviruses.
PC12 cells were transfected with TCF-Luc by lipofection, these
transfected PC12 cells were transduced with the viruses, and
the cells were harvested for the luciferase assay after 20 h of
culturing (Fig. 4A, middle panel). As expected, infection with
retrovirus containing CA-h-catenin-IRES-EGFP or CA-Lef1-
IRES-EGFP up-regulated the luciferase activity. Retrovirus
encoding DN-Lef1 suppressed endogenous TCF-Luc activity
and also CA-h-catenin-induced TCF-Luc activity (Fig. 4A,
middle and right panels).
We then introduced either EGFP, CA-h-catenin-IRES-
EGFP, CA-Lef1-IRES-EGFP or DN-Lef1-IRES-EGFP by use
of the retrovirus expression system into E16 retinal explants.
After an overnight culture of the explant with the viruses, the
Fig. 4. Expression of Wnt signaling related molecules and their regulatory role in SSEA-1 expression. (A) Effects of expression of plasmids or retrovirus encoding
constitutively active (CA) h-catenin, CA-Lef-1 or dominant negative (DN)-Lef-1 for TCF-binding site-dependent luciferase activation in PC12 cells. PC12 cells
were transfected with TCF-Luc with or without one of the indicated plasmids encoding Wnt signaling-related molecules, and then luciferase activities were examined
after 20 h of incubation. In the middle and right panels, after transfection, PC12 cells were transduced with retroviruses encoding the indicated Wnt-related
molecules. Error bars represent standard error of the mean. (B, C) Retrovirus mediated expression of CAh-catenin, CA-Lef-1, DN-Lef-1 or RAMIC. Retinal explant
cultures prepared from E16 mouse retinas were transfected with retrovirus containing EGFP, CA-h-catenin-IRES-EGFP, CA-Lef-1-IRES-EGFP, DN-Lef-1-IRES-
EGFP or RAMIC-IRES-EGFP and the cells were then dissociated, replated, and cultured for another 3 days. Thereafter the expression of SSEA-1 in EGFP-positive
and -negative cells was examined. View of flow cytometric patterns (B), and calculated values of EGFP and SSEA-1 double positive cells in either in EGFP-positive
or -negative cells (C) are shown.
H. Koso et al. / Developmental Biology 292 (2006) 265–276 273cells were dissociated, replated, and cultured for another 3
days. Then, the expression of SSEA-1 was examined under a
fluorescence microscope and by FACS analysis. Microscopic
analysis showed a significant number of EGFP and SSEA-1
double-positive cells in the samples infected with CA-h-
catenin-IRES-EGFP or CA-Lef1-IRES-EGFP retroviruses (da-
ta not shown). In contrast, we could hardly observe such
double-positive cells in the case of control (EGFP) or DN-
Lef1-IRES-EGFP transfection (data not shown). We then
analyzed the effect of these gene expression for SSEA-1
population by flow cytometry. Retroviruses were used to
transduce E16 retinal explants, and the explants were then
cultured for 4 days. Thereafter, the cells were dissociated; and
SSEA-1 expression and EGFP expression were analyzed by
flow cytometry. EGFP-negative cells represent non-transduced
cells, and EGFP-positive ones, retrovirus-transduced cells. Fig.
4B shows a dot plot pattern of FACS of EGFP versus SSEA-1;
and Fig. 4C, the SSEA-1-positive population in EGFP-positive
and -negative fractions of all samples. FACS analysis of these
cells showed that the relative proportion of SSEA-1-positivecells among the EGFP-negative cells was comparable among
all the samples (Figs. 4B, C, open bars). In control EGFP
retrovirus-transduced cultures, the percentage of SSEA-1-
positive cells among the EGFP-positive cells was similar to
that among EGFP-negative cells (Figs. 4B, C, closed bar). In
contrast, the percentage of SSEA-1-positive cells among the
EGFP-positive cells in CA-h-catenin-IRES-EGFP or CA-
Lef1-IRES-EGFP retrovirus-transduced cultures was signifi-
cantly higher than that among the EGFP-negative cells (Fig.
4C, closed bars). In the sample transduced with the DN-Lef1-
IRES-EGFP retrovirus, the percentage of SSEA-1-positive
cells among the EGFP-positive cells was slightly higher than
that among the EGFP-negative ones. We also examined
whether the h-catenin signal could induce SSEA-1 antigen
from the SSEA-1-negative population or not by expressing
CA-Lef1 in purified SSEA-1-negative cells, but no induction
of SSEA-1 antigen was observed (data not shown). Further-
more, we could not observe enhancement of proliferation of
retinal cells by activation of the Wnt signaling pathway (Ouchi
et al., 2005). To examine the specificity of Wnt signaling for
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constitutively active Notch mutant (RAMIC; Tamura et al.,
1995), which encodes the intracellular domain of Notch and
constitutively activates its target genes. We found that the
activation of Notch signaling did not enhance SSEA-1
expression (Fig. 4B). These results indicate that although
SSEA-1 expression correlated with the h-catenin-lef1 signal-
ing pathway, this correlation is not simply explained by the
augmentation of expression of SSEA-1 antigen from the
negative fraction or by the induction of proliferation of SSEA-
1-positive cells.
Discussion
In this present study, we identified and characterized
SSEA-1-positive progenitor cells, finding them to be located
in the peripheral region of the mouse retina. These cells
intrinsically possessed immature features, suggesting that the
expression of SSEA-1 is a representation of immaturity within
the whole progenitor pool. We showed that the population of
SSEA-1-positive cells among the total retinal cells decreased
dramatically with retinal development. This observation is
intriguing, since retinal subtypes whose proportion changes in
this fashion had not been reported, suggesting that SSEA-1-
bearing cells represent a specific sub-population distinct from
other known subpopulations of the retina. The disappearance
of SSEA-1-positive cells at postnatal day 3, at which time an
abundance of cell proliferation is still observed, suggests that
the expression of SSEA-1 may indicate more than just the
proliferative state. This notion is supported by the finding that
in the retina derived from E17 and P1 mice, although SSEA-1-
positive cells were exclusively present in the Ki-67-positive
population, there was a significant number of SSEA-1-
negative/Ki-67-positive cells. In contrast, we found Ki-67-
negative cells in the SSEA-1-positive population in the E14
mouse retina. This population may be either quiescent
progenitor cell pool or post mitotic early differentiated cells,
but we surmise that the former possibility is more plausible
since the population disappeared in a later stage. Importantly,
the SSEA-1-positive population continued to proliferate even
in the environment of a re-aggregation culture where
peripheral and central cells were uniformly mixed up. This
prolonged proliferation is consistent with the observation of
their late onset of rhodopsin expression, which reflects their
immaturity.
There is a growing body of evidence that immature retinal
progenitor cells are maintained in the peripheral region of the
retina and that retinal stem/progenitor cells exist in the ciliary
body of the adult rodent retina (Ahmad et al., 2000; Tropepe et
al., 2000).
However, there has been no evidence for specific localiza-
tion of immature progenitor cells in the marginal region of the
developing rodent retina. Identification of SSEA-1 as a marker
for peripherally located progenitor cells made it possible for us
to examine whether any intrinsic differences had been
established between peripherally located progenitor cells and
centrally located progenitor cells in the developing retina.Many investigators have described the role of extrinsic
factors in the regulation of proliferation and induction of
differentiation of immature progenitor cells. Cells localized in
the CMZ proliferate in response to Wnt stimulation in the avian
eye (Kubo et al., 2003), and this phenomenon is thought to be
due to specific expression of Wnt-2b (Wnt-13) in the marginal
part of the RPE. However, whether or not some cell-intrinsic
feature or other permissive signals also determine the specific
response of cells in the peripheral region is not yet known. Wnt
genes are expressed in the mouse neural retina at various
developmental stages (Liu et al., 2003). Wnt-13 is expressed in
the cells in the mouse ciliary margin (Liu et al., 2003) and in
the chick eye. Furthermore, TCF-dependent transcription
examined in the eye of TCF-LacZ transgenic mice revealed
that TCF/Lef-1 activity was localized in the outer neuroblast
layer of the neural retina at E13.5 (Liu et al., 2003), which was
in accordance with the expression of some members of the Wnt
gene family. We compared the expression of several members
of extrinsic signaling pathways including Notch, Shh, Wnt, and
FGF between SSEA-1-positive and -negative populations. As
consequence, we identified the differential expression of Wnt
family members and Wnt competitive inhibitors in SSEA-1-
positive and -negative populations, suggesting the involvement
of the Wnt signaling pathway, as an extrinsic factor, in the
establishment of the SSEA-1-expressing region. This notion is
supported by the finding that forced expression of active
mutants of h-catenin and Lef-1 in the retinal cultures resulted
in larger population of SSEA-1-positive cells than found in the
control cell cultures. We also examined the promotion of retinal
cell proliferation of cells that had been transduced with
retroviruses in previous work (Ouchi et al., 2005), and found
that the expression of constitutively active h-catenin or
constitutively active Lef-1 in the retinal cells resulted in failure
of neurite extension, suggesting that the h-catenin negatively
regulates neurite extension in the retina through Lef-1
transcriptional activity (Ouchi et al., 2005). On the other hand,
proliferation and differentiation of retinal cells into mature
retinal cells such as rod-photoreceptor cells and Muller glia
cells were not affected by perturbation of the Wnt-Lef-1
pathway (Ouchi et al., 2005). Although the effects of dominant
negative Lef-1 opposed to constitutively active Lef-1 in terms
of neurite extension (Ouchi et al., 2005), the SSEA-1
population was not suppressed but rather enhanced in the
presence of dominant negative Lef-1. We surmise the reason
for this absence of negative effects of dominant-negative Lef1
to be that endogenous Wnt activity may negligible in this
dispersed culture system. However, we currently do not have
any appropriate explanation as to why the SSEA-1 population
was rather enhanced by dominant negative Lef-1. Taken
together, our data suggest that Wnt signals may act to maintain
immature progenitor cells without modification of prolifera-
tion. Wnt competitive inhibitor sFRPs also showed unique
expression patterns between SSEA-1-positive and -negative
cells, and the regulation of the Wnt signaling pathway in
negative ways may not be excluded as important in the
establishment and maintenance of SSEA-1 cells. In the rat
forebrain, expression of SSEA-1 was proposed to be regulated
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enzyme having strong ability to synthesize Lewis X carbohy-
drate (Shimoda et al., 2002). However, in the case of mouse
forebrain, regulation of SSEA-1 expression by Pax-6 was not
evident (Stoykova et al., 1997). We compared the expression of
Pax-6 between SSEA-1-positive and -negative cell populations
by RT-PCR, but found no difference between the 2 popula-
tions. In addition, no significant difference in FucT-IX
expression was found between SSEA-1-positive and
-negative cells by RT-PCR (Fig. 3G), suggesting that SSEA-1
expression is regulated by FucT-IX independent mechanism(s).
Although protein carbohydrated with SSEA-1 epitope was not
known, it is possible that the expression of this unknown
protein resulted in the difference in SSEA-1 expression levels.
Prospective isolation of embryonic immature progenitor
cells, as identified presently, may permit us to trace the detailed
cell lineage of retinal cell differentiation, leading to identifi-
cation of stem cells in both embryonic and adult retinae. We
have screened mouse retina from various developmental stages
for reactivity with a panel of antibodies against cell-surface
antigens and obtained unique expression patterns of more than
30 antigens in the retina. Using these collective data, we are in
the process of determining the detailed cell lineage of retinal
differentiation with the final goal of identifying retinal stem
cells.
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